Alkyl b-D-xylopyranosides are highly surface active, biodegradable surfactants that can be prepared from hemicelluloses and are of interest for use as pharmaceuticals, detergents, agrochemicals, and personal care products. To gain further insights into their structure-property and structure-activity relationships, the present study synthesized a series of hydrocarbon (-C 6 H 13 to -C 16 H 33 ) and fluorocarbon (-(CH 2 ) 2 C 6 F 13 ) alkyl b-D-xylopyranosides in four steps from D-xylose by acylation or benzoylation, bromination, Koenigs-Knorr reaction, and hydrolysis, with the benzoyl protecting group giving better yields compared to the acyl group in the Koenigs-Knorr reaction. All alkyl b-D-xylopyranosides formed thermotropic liquid crystals. The phase transition of the solid crystalline phase to a liquid crystalline phase increased linearly with the length of the hydrophobic tail. The clearing points were near constant for alkyl b-D-xylopyranosides with a hydrophobic tail P8, but occurred at a significantly lower temperature for hexyl b-D-xylopyranoside. Short and long-chain alkyl b-D-xylopyranosides displayed no cytotoxicity at concentration below their aqueous solubility limit. Hydrocarbon and fluorocarbon alkyl b-D-xylopyranosides with intermediate chain length displayed some toxicity at millimolar concentrations due to apoptosis.
Introduction
Carbohydrate-based surfactants are becoming increasingly important as substitutes for poly(ethylene oxide)-based surfactants used in a broad range of industrial and consumer applications, such as pharmaceuticals, detergents, agrochemicals, and personal care products.
1 They can be synthesized from renewable raw materials using green chemistry processes, have excellent surface activity, and are readily biodegradable. Furthermore, carbohydrate-based surfactants are generally considered to be toxicologically safe. For example, many carbohydrate-based surfactants display little-to-no toxicity in cells in culture and have limited hemolytic activity. 2 In particular starch, sugar beet, and sugar cane are sources of glucose, sorbitol, and sucrose, currently the most important carbohydrate moieties employed in the production of commercially available carbohydrate-based surfactants. In addition to these established sources of carbohydrate starting materials, hemicelluloses, the second most abundant natural polysaccharides after cellulose, 3 are receiving increasing attention as sources for carbohydrate starting materials, such as xylose, for the synthesis of next-generation surfactants.
A range of chemical and enzymatic processes have been used to synthesize xylose-based surfactants. For example, simple alkyl xylopyranosides have been prepared by the acid-catalyzed reaction of D-xylose 4 or xylan with alcohols. 5 Enzymatic reactions that have been employed for the synthesis of alkyl xylopyranosides include, among others, xylanase-catalyzed transglycosylation reactions of xylan 6 or Aspergillus niger b-xylosidase transxylosyl reactions of xylobiose 2e,7 with short chain alcohols. The yield of octyl xylopyranoside synthesized from xylan and octanol using acetone-dried cells of Aureobasidium pullulans as the xylanase source has been shown to increase in supercritical carbon dioxide or supercritical CHF 3 . 8 While the physicochemical properties of the xylose-based surfactants synthesized by the various chemical and enzymatic approaches, including their surface activity and foaming properties, are well investigated and comparable to other carbohydrate surfactants, 1a (DDQ), is another effective, but less expensive activator of glycosylation reactions. 10 I 2 in combination with DDQ also avoids the need for a potentially toxic heavy metal salt as promoter. Finally, 1,1,3,3-tetramethyl urea (TMU) was investigated because it efficiently neutralizes the acid formed in the glycosylation reaction. 11 In agreement with several earlier studies and our initial synthesis attempts, 4,9a,b the major drawback of all reaction conditions investigated was the unsatisfactory yield of the desired octyl tetra-Oacetyl-b-D-xylopyranoside (4) ( Table 1 , entries 1-6). The highest yields, largest product to by-product ratios (i.e., ratios of 4/5) and the shortest reaction time were obtained with I 2 , DDQ, and 4 Å MS (entry 4). With Ag 2 CO 3 as the base, the presence of I 2 significantly decreases the side reaction but did not improve the yield of 4 (entry 1 vs 2). Furthermore, CaSO 4 as drying agent was more favorable compared to powdered 4 Å MS (entry 1 vs 3). The use of AgOTf/TMU, either in the presence or absence of 4 Å MS, also did not improve the yield of 4 or reduce the formation of 5 (entries 5 and 6). Subsequent efforts employed the benzoyl protecting group in order to optimize the reaction efficiency and to avoid the sidereaction of the acetyl group. As expected, improved total yields of octyl b-D-xylopyranoside (9b) were obtained when the benzoyl protecting group was used to minimize orthoester formation (25% for acetyl vs 54% for benzoyl protected 9b) (Scheme 2). This modified synthesis strategy was subsequently employed to prepare a series of alkyl b-D-xylopyranosides in total yields of 54-72% from 1,2,3,4-tetra-O-benzoyl-a-D-xylopyranose (6) . This approach can also be scaled-up to prepare gram quantities of alkyl b-D-xylopyranosides 9a-f.
In addition to the alkyl b-D-xylopyranosides 9a-f, the partially fluorinated alkyl b-D-xylopyranoside 9g was synthesized because fluorinated surfactants are highly surface active and, at the same time, biocompatible.
2f-j The short perflourooctyl chain was se- Tables S1 and S2 for additional crystal data, structure refinement information as well as bond length and bond angles of 9c). The molecular structure of 9c with the atom numbering scheme is shown in space group P2 1 2 1 2 1 (a = 53.215(8), b = 8.8301(9), and c = 6.5276(7) Å). 16 The unit cell of 9c contained two independent molecules that form alternating bilayers of hydrophilic xyloside groups and hydrophobic decyl groups parallel to the a-b plane (Fig. S30) . The distance of the layers d was calculated as d = c Â sin b, where c is the length of the cell axis c and b the monoclinic angle. The distance of the layers calculated using this formula was 25.3 Å, which is comparable to the value of the corresponding glucoside of 26.4 Å.
14 A relatively large d value of 26.6 Å was observed for the shorter chain heptyl b-D-xylopyranoside monohydrate. 16 The formation of 9c bilayers in the solid state is not surprising because interactions between different parts of an organic molecule are usually less favorable than the interactions between similar parts of the molecule (i.e., the decyl chains and the carbohydrate groups of 9c). 17 As with other carbohydrate surfactants, 13, 14, 16 the carbohydrate groups and decyl chains of 9c are packed in a manner that maximizes intermolecular interactions within the crystal. Specifically, the decyl chains have van der Waals contact by adopting a tilt angle of 41.7°relative to the a-b plane The liquid crystalline properties of biological lipids play an important role in biological structures and function, and in the case of simple surfactants, may correlate with their biological effects. 18, 19 Many pentose-based surfactants, such as alkyl arabinopyranosides 20 and alkyl DL-xylitols, 21 also display liquid-crystalline properties and, as first described by Noller and Rockwell for simple alkyl D-glucopyranosides, 22 show 'double melting transitions' M p representing a change from a solid crystalline phase to a liquid crystalline phase, followed by the clearing point C p (i.e., a transition from the liquid crystalline phase to a liquid melt phase). The present study uses DSC and TGA to gain initial insights into the chain length-dependent thermotropic behavior of hydrocarbon and fluorocarbon alkyl
The DSC analysis of the hydrocarbon alkyl b-D-xylopyranosides showed two endothermic peaks in the case of 9b and 9f and three endothermic peaks in the case of 9a, 9c, 9d, and 9e (Fig. 2 , and Table 2). These phase transitions occurred in a relatively narrow temperature range. Decomposition of the hydrocarbon alkyl b-D-xylopyranosides 9a-f, but not the partially fluorinated analog 9g was observed at temperatures above 150°C in the DSC experiments. In the case of octyl b-D-xylopyranoside (9b), the first phase transition (M p ), most likely a transition from a solid crystalline phase to a smectic A type phase, 23 (Fig. 3) . This increase in the phase transition temperatures of a fluorinated compound compared to the respective hydrocarbon analogue is consistent with other fluorinated compounds, for example, perfluorinated carboxylic acids 25 or partially fluorinated alkyl b-D-glucopyranosides, 2k and is a result of the more dense packing of the rigid perfluorinated tail in the solid state. The first phase transition observed for the alkyl b-D-xylopyranosides 9a, 9c, 9d, and 9e also corresponds to a change from a solid crystalline phase to a liquid crystalline phase. One likely explanation for the other two phase transitions is the loss of crystal water from the sealed DSC pan. As a result, the second, broad phase transition most likely represents the melting of the anhydrous alkyl b-D-xylopyranosides of 9a, 9c, 9d, and 9e and the third phase transition is their C p . A similar effect of the loss of crystal water has been reported previously for the phase transitions of alkyl a-Dglucopyranosides.
14 Although the experimental parameters are quite different, the interpretation of the DSC results is supported by TGA experiments which suggest the loss of approximately half a water molecule from the alkyl b-D-xylopyranoside samples (Table 3) . It is interesting to note that the decomposition temperature of the fluorinated alkyl b-D-xylopyranoside 9g was lower compared to the hydrocarbon compounds in the TGA experiments ( Fig. 4 and Table 3 ). In contrast to this partially fluorinated compound, perfluorocarbons and perfluorinated surfactants are thermally more stable than their hydrocarbon analogues.
26
M p of the hydrocarbon alkyl b-D-xylopyranosides 9a-f displayed distinctive trends as a function of hydrophobic tail (Fig. 6) . The fluorinated octyl b-D-xylopyranosides 9g also displayed moderate toxicity in HaCaT cells and had a CC 50 that was comparable to the CC 50 of 9c. All three xylopyranosides were more toxic than octylthioglucoside (OTG), a hydrocarbon surfactant that has been used previously as positive control in cytotoxicity studies with simple, carbohydrate-based surfactants.
2k,12a
The observation that the short (9a) and long chain alkyl b-D-xylopyranosides (9d-f) had no effect on HaCaT cell viability in the concentration range investigated is in agreement with previous structure-activity studies with other carbohydrate surfactants in B16F10 cells 2k,12a and various anesthetic and antimicrobial compounds in non-mammalian systems. 28 The low toxicity of carbohydrate surfactants with a short hydrophobic tail, such as 9a, is likely due to the limited partitioning of these surfactants into the cell membrane. 12a The low toxicity of the long chain alkyl b-D-xylopyranosides 9d-f appears to be counterintuitive because the cellular uptake of surfactants and, therefore, their toxicity should increase with increasing length of the hydrophobic tail. However, a number of factors (e.g., a decrease in aqueous and lipid solubility, an increase in binding to protein in the culture medium, a decrease in the critical micelle concentration, and a decrease in the diffusion through the cell membrane with increasing length of the hydrophobic tail) can reduce the cellular uptake and, thus, the toxicity of the long chain alkyl b-D-xylopyranosides 9d-f.
12a,28
Subsequent cell culture experiments investigated the effect of the carbohydrate surfactants 9b, 9c, 9g, and OTG on the cell viability in Jurkat and Hs27 cells using the MTS assay. The Jurkat human T-cell lymphoblastic leukemia is a transformed cell line that grows in suspension and was selected because it is highly sensitive to a variety of chemical treatments. 29 Finally, human HS27 fibroblasts derived from newborn foreskin were studied because they are commonly used as a normal cell line control when compared to transformed immortal cancer lines. 29b, 30 Experiments with these two cell lines also revealed moderate toxicity for all three alkyl b-D-xylopyranosides and OTG (Fig. 6 ). In the Jurkat cell line, the CC 50 values decreased in the order 9b > 9g $ 9c. This trend is comparable to the one observed for the HaCaT cell line. A slightly different rank order was observed for the Hs27 cell line, with 9b > 9g > 9c. The three cell lines displayed different sensitivity toward alkyl b-D-xylopyranoside-mediated toxicity. For the three hydrocarbon surfactants 9b, 9c, and OTG, the HaCaT cells were less sensitive compared to the other two cell lines and displayed the highest CC 50 values. In the case of the hydrocarbon alkyl b-D-xylopyranosides 9b and 9c, the Hs27 cell line seemed to be more sensitive than the other two cell lines. A different rank order was observed for the partially fluorinated alkyl b-D-xylopyranoside 9g, with the Hs27 cell line being less sensitive toward 9g compared to the HaCaT and Jurkat cell lines. Several studies have reported that fluorinated surfactants are less toxic than the analogous hydrocarbon surfactant due to a protective effect of the perfluorinated tail.
2f-j In contrast to these earlier findings, surfactant 9g was more cytotoxic compared to the analogous hydrocarbon compound 9b. One likely explanation for the comparatively high toxicity of 9g is that the degree of fluorination is not sufficient to convey a protective effect in the cell lines under investigation. In contrast, the CC 50 values of 9g and 9c were comparable in the HaCaT and Jurkat cell lines and only slightly different in the Hs27 cell lines (Fig. 6E ), despite the difference in the length of the hydrophobic tail (C 8 vs C 10 ). This finding can be explained with the '1.5 rule' which predicts that fluorinated surfactants behave like analogous hydrocarbon surfactants with a longer hydrophobic tail, with one CF 2 group approximating 1.5 CH 2 groups. 31 According to this rule, the fluorinated alkyl b-D-xylopyranosides 9g should behave like undecyl b-D-xylopyranoside (i.e., 2 Â CH 2 + 1.5 Â 6 Â CF 2 = 11) and thus display properties comparable to decyl b-D-xylopyranoside (9c). Indeed, in the CC 50 values of 9g and 9c are similar, which suggests that physicochemical parameters, such as the partitioning of alkyl b-D-xylopyranoside surfactants into the cell membrane, may play an important role in their cytotoxicity. The reduction in cell viability observed with 9b, 9c, 9g, and OTG can be due to necrosis or apoptosis, the two major forms of cell death. There is evidence that the effect of carbohydrate surfactants on cell viability in mammalian cell lines is not due to a massive disruption of phospholipid membranes but caused by more specific mechanisms. Previous studies with carbohydrate surfactants demonstrate that the CC 50 values for cell viability in B16G10 cells are significantly smaller than the corresponding values for hemolytic activity in rabbit red blood cells.
2k,12a Furthermore, carbohydrate surfactants with only minor differences in the structure of the head group have different CC 50 values 12a and, in the case of several glucopyranosides, induce apoptosis in B16G10 cells. 2k In the present study the number of apoptotic Jurkat cells after exposure to the alkyl b-D-xylopyranosides 9b, 9c, and 9g as well as OTG was quantified using Annexin V-FITC, a molecule that binds to the phosphatidylserine present on the extracellular side of the cell membrane of cells in the early stage of apoptosis. As shown in Figure 7 , all four surfactants decrease cell viability in Jurkat cells by apoptosis and not necrosis. This observation provides further evidence that carbohydrate surfactants cause toxicity by specific mechanisms, such as a selective interaction with lipids rafts in the cell membrane, which ultimately results in a receptorindependent activation of intracellular signaling pathways, such as Fas-mediated apoptosis cascades. 
Conclusions
A series of simple alkyl xyloside surfactants was synthesized from xylose and readily-available alcohols, using an optimized Koenigs-Knorr reaction as the key glycosylation step. These surfactants were shown to be non-toxic in several established cell lines. Furthermore, all xylosides exhibited liquid-crystalline behavior based on DSC experiments. In agreement with the thermotropic behavior observed in the DSC studies, the hemihydrate of alkyl xyloside 9b formed bilayers in the solid state. These compounds have potential as environmentally friendly surfactants due to their low toxicity and renewable precursors, but further studies are needed to fully characterize their phase behavior, investigate their surface properties and assess their toxicity.
Experimental

General methods
The 1 H and
13
C NMR spectra were recorded on a multinuclear Bruker Avance 300 or a Bruker DRX 400 Digital NMR spectrometer at ambient temperature. 19 F spectra were recorded using a Bruker
Avance 300 NMR spectrometer. Mass spectra, including accurate mass measurements, were recorded by the High Resolution Mass Spectrometry Facility at the University of California, Riverside. Elemental analyses were obtained from Atlantic Micro Lab Microanalysis Service (Atlanta, Georgia, USA). X-ray diffraction data were collected at 90.0(2) K using MoKa X-rays on a Nonius KappaCCD as described previously. 33 Melting points were determined using a MelTemp apparatus, and are uncorrected. All reactions were monitored by thin layer chromatography, followed by visualization with UV and anisaldehyde-H 2 SO 4 1-Octanol (2 mol equiv) in dichloromethane (1 mL per 0.1 g of 3) was stirred with the respective reagents (see Table 1) for  30 min. 2,3,4-Tri-O-acetyl-a-D-xylopyranosyl bromide (3) (2-10 mmol) was then added and the reaction mixture was stirred at room temperature. The reaction mixture was filtered through Celite and washed with satd NaHCO 3 (3 Â 50 mL) and NaCl solution (3 Â 50 mL). The only exception was the reaction with I 2 / DDQ/MS (entry 4), which was extracted first with 2% (w/v) Na 2 S 2 O 4 solution to remove excess I 2 . The crude product was purified by column chromatography on silica gel using hexane:ethyl acetate (6:1, v/v, then 3:1, v/v) as eluent to yield 4 as a white solid: mp 
General procedure for the synthesis of alkyl xylosides 8
A solution of the respective alkyl alcohol (12 mmol, 2.0 equiv) in dichloromethane (30 mL, 1 mL per 0.1 g of 3) was stirred with I 2 (1.45 g, 6 mmol), DDQ (0.65 g, 3.0 mmol) and powdered 4 Å molecular sieve for 30 min at room temperature. 2,3,4-Tri-O-benzoyl-a-D-xylopyranosyl bromide (7) (3.0 g, 6.0 mmol) was added and the reaction mixture was stirred at room temperature for 3 h. The reaction mixture was filtered through Celite, washed with an aqueous solution of Na 2 S 2 O 4 (2%, w/v), satd NaHCO 3 (3 Â 30 mL), and satd NaCl solution (2 Â 30 mL). The crude product was purified by column chromatography on silica gel to yield 8.
Hexyl 2,3,4-tri-O-benzoyl-b-D-xylopyranoside (8a)
Prepared from 1-hexanol (1.16 g, 11.4 mmol, 2.0 equiv) and 7 
Octyl 2,3,4-tri-O-benzoyl-b-D-xylopyranoside (8b)
Prepared from 1-octanol (0.50 g, 3.8 mmol, 2.0 equiv) and 7 (1.0 g, 1.9 mmol). Purified by flash column chromatography (hexane-ethyl acetate, 6:1, v/v, then 3:1, v/v) to yield 8b as a colorless oil (0.82 g, 75%) that was used directly in the next reaction. Recrystallization from ethanol gave a white solid (28%); R f 0.61 (hexaneethyl acetate, 4:1, v/v); mp 47-48°C; , H-3 
General procedure for the synthesis of 9a-g 2k,37
A solution of sodium methoxide (0.32 g, 6.0 mmol, 3.0 equiv) in methanol (20 mL) was added drop wise to a solution of 4 or 8a-g (2 mmol) in methanol or dichloromethane (10 mL). The mixture was stirred at ambient temperature for 30 min followed by neutralization with Dowex 50 WÂ8-100 ion exchange resin. The ion exchange resin was filtered off and the solvent was removed under reduced pressure. The crude product was dissolved in acetone. The residue was filtered and the crude product was purified by column chromatography and/or recrystallized to give 9a-g.
Hexyl b-D-xylopyranoside (9a)
Prepared from 8a (2.3 g, 4.2 mmol) to afford 9a (0.75 g, 76%). The crude product was purified by recrystallization from acetone to yield white, flaky crystals (0.45 g, 46%; 72% from 6 without purification of intermediates): R f 0.53 (CH 2 Cl 2 -MeOH, 8:1, v/v); mp 84-85°C, lit. 
Octyl b-D-xylopyranoside (9b) 2k
Synthesized from 8b (1.16 g, 2.02 mmol) and purified by column chromatography on silica gel (eluent: dichloromethanemethanol, 8/1, v/v) to yield 9b (0.44 g, 56%; 54% from 6 without purification of intermediates). Recrystallization from acetone and acetone-hexane gave a white solid (0.24 g, 31%): R f 0.71 (6:1 CH 2 Cl 2 -MeOH); mp 90-91°C, lit. 
Decyl b-D-xylopyranoside (9c)
Prepared from 8c (3.0 g, 5.0 mmol) to afford 9c (1.12 g, 78%). The crude product was purified by recrystallization from acetone to yield white, flaky crystals (0.83 g, 58%; 64% from 6 without purification of intermediates): R f 0. 
Dodecyl b-D-xylopyranoside (9d)
Prepared from 8d (2.64 g, 4.19 mmol) to afford 9d (1.11 g, 84%). The crude product was purified by recrystallization from acetone to yield a white flaky solid (0.61 g, 47%; 61% from 6 without purification of intermediates): R f 0. 
Tetradecyl b-D-xylopyranoside (9e)
Prepared from 8e (3.30 g, 5.01 mmol) to afford 9e (1.58 g, 91%). The crude product was purified by recrystallization from ethanol to yield a flaky, white solid (0.77 g, 45%; 72% from 6 without purification of intermediates): R f 0.50 (CH 2 Cl 2 -MeOH, 9:1, v/v); mp 100-101°C, lit. 37 was added drop wise. The ice-bath was removed and the solution was allowed to warm to room temperature overnight. The reaction was quenched with satd NaHCO 3 (10 mL). After separation of the layers the aqueous phase was extracted twice with CH 2 Cl 2 (15 mL). The combined extracts were dried over Na 2 SO 4 , filtered, and concentrated. The crude residue was purified by silica gel flash column chromatography using hexanes-EtOAc as eluent (5: 
Differential scanning calorimetry
Alkyl b-D-xylopyranosides 9a-g were stored under vacuum to avoid moisture adsorption. Before starting the DSC experiments the TA Instruments Q200 instrument (TA Instruments, New Castle, DE) was calibrated with indium for temperature and enthalpy accuracy. Samples were prepared by weighing 1.0-1.5 mg of the dry surfactant into pre-weighed Tzero aluminum pans. Tzero hermetic lids were then pressed onto the pan. Empty Tzero pans with Tzero hermetic lid were used as the reference sample. The thermal analysis was performed between 20°C and 250°C with a ramp rate of 2.5°C/min. The phase transitions were analyzed using Universal Analysis software (TA Instruments).
Thermogravimetric analysis
A Mettler Toledo TGA/SDTA851e instrument (Mettler-Toledo Inc., Columbus, OH) was used to perform thermogravimetric analysis (TGA) on the alkyl b-D-xylopyranosides. The instrument was calibrated with indium and aluminum before the experiments were started. Between 2.5 mg to 4.5 mg of each alkyl b-D-xylopyranoside were added to the alumina crucible. TGA analysis was performed by heating the sample from 25°C to 200°C at a ramp rate of 10°C/min under flowing nitrogen at 2 mL/min. Data were analyzed by STARe software (Mettler-Toledo Inc.).
3.7.
Cell culture experiments 3.7.1. Stock solutions One-hundred millimolar stock solutions were prepared from all compounds and the positive control, octylthioglucoside (OTG; Thermo Scientific, Rockford, IL), which were readily soluble in dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO) at that concentration. To verify the solubility of the compounds at experimental conditions, 2 lL of each stock were added to 200 lL of cell culture medium, vortexed for 5 s, and centrifuged at 1400 rpm for 1 min for visual inspection of eventual precipitation. While 9a, 9b and OTG remained soluble, 9c-g precipitated out of solution and were further diluted. Therefore, the following stock solutions were used for cytotoxicity analyses: 9a (100 mM), 9b (100 mM), 9c (50 mM), 9d (10 mM), 9e (10 mM), 9f (2.5 mM), 9g (50 mM), and OTG (100 mM).
Cell lines and cell culture
Three cell lines were used for the cytotoxicity assays: spontaneously immortalized human keratinocytes (HaCaT); 38 normal nontransformed human foreskin fibroblasts (Hs27); and human acute leukemia T lymphocytes (Jurkat). 39 The culture medium for HaCaT and Hs27 cells was Dulbecco's Modified Eagle Medium (DMEM; HyClone, Logan, UT) with 10% heat-inactivated newborn calf serum (NCS; HyClone), while that for Jurkat cells was Roswell Park Memorial Institute medium (RPMI; HyClone) with 10% heat inactivated fetal bovine serum (FBS; HyClone). Both media were supplemented with 100 U/mL penicillin, 100 lg/mL streptomycin, and 0.25 lg/mL amphotericin B (Lonza, Walkersville, MD). The incubation conditions of the cells were at 37°C in humidified 5% carbon dioxide (CO 2 ) atmosphere, in a regular water jacketed incubator.
MTS assay
HaCaT and Hs27 cells were seeded in flat bottom MICROTEST™ tissue culture 96-well plates (Becton Dickinson Labware, Franklin Lakes, NJ) at a density of 5000, while Jurkat cells were seeded at a density of 25,000 cells per well. Compounds were tested at a concentration range from 1 lM to 1000 lM. After 18 h of incubation, 20 lL of the MTS reagent (CellTiter 96 AQ ueous One Solution Cell Proliferation Assay; Promega, Madison, WI) were added to each well of HaCaT and Hs27 cells, which were subsequently incubated for an additional 2 h. For Jurkat cells, the MTS reagent was added after 16 h of incubation with the test compounds and was then incubated for an additional 4 h in the presence of the MTS reagent. Jurkat cells were seeded at higher density and were incubated longer in the presence of the MTS reagent since lymphocytes appear to produce less formazan than other cell types 40 and these adjustments were implemented to achieve significant absorbance changes. For all three cell lines the total period of incubation was 20 h. The colored formazan product was measured by absorbance at 490 nm with a reference wavelength of 650 nm using a microplate reader (VERSA max tunable microplate reader, MDS, Inc., Toronto, Canada). Control wells containing the same volumes of culture medium and MTS reagent were used to subtract background absorbance. In addition, 300 lM hydrogen peroxide (H 2 O 2 ; Acros Organics, NJ) was used as positive control. DMSO treated cells as solvent control and untreated cells were included in each plate. Data were expressed as percentage of cell viability relative to DMSO treated cells. A series of quadruplicates were processed for experimental concentrations that were used to obtain the mean and standard deviation (SD) values.
Generation of dose-response curves and determination of CC 50
Data derived from the MTS assay were used to create doseresponse curves and determine the 50% cytotoxic concentration (CC 50 ). CC 50 was defined as a concentration of compound causing loss of cellular viability of 50% of the cell population as compared to solvent treated cells after 20 h of incubation. The CC 50 values were obtained as previously described. 41 The two cellular viability percentages closest to the 50% value were plotted with its associated chemical compound concentration and the equation of the regression line was utilized to determine the CC 50 .
Apoptosis assay
A day prior to the assay, the viability of Jurkat cells was increased by using Ficoll-Paque™PLUS density gradient centrifugation. 42 Briefly, after centrifugation at 400g for 30 min at room 
